We develop a new operator quantization scheme for gauge theories in which the dynamics of the ghost sector is described by a N = 2 supersymmetry. In this scheme no gauge condition is imposed on the gauge fields. The corresponding path integral is explicitly Lorentz invariant and, in contrast to the BRST-BFV path integral in the Lorentz gauge, it is free of the Gribov ambiguity, i.e., it is also valid in the non-perturbative domain. The formalism can therefore be used to study the non-perturbative properties of gauge theories in the infra-red region (gluon confinement).
1
Introduction.
Systems with first class constraints, and in particular relativistic gauge theories, posses unphysical degrees of freedom which have to be eliminated in the quantization process [1] . It is, however, important to note that in general the process of gauge fixing and quantization does not commute as was exemplified in [2] , and that the unphysical degrees of freedom have to be eliminated after quantization. The conventional procedure of the path integral quantization of gauge theories [3] relies on the elimination of unphysical (gauge) degrees of freedom on the classical level via gauge fixing and, therefore, should be modified [4, 5] .
In relativistic gauge theories the situation is slightly more complicated since one wants to build a Lorentz invariant theory. To this end one has to use Lorentz invariant gauges, e.g., the Lorentz gauge. This implies, however, that unphysical bosonic degrees of freedom are dynamically activated and have to be suppressed. A general procedure for doing this, based on the BRST symmetry, was given in [6] .
A problem common to all quantization procedures based on imposing a gauge condition on the gauge fields, is the Gribov ambiguity [7] . This states that it is impossible (assuming certain boundary conditions at spatial infinity) to find a gauge condition that would eliminate all gauge equivalent configurations [8, 9] . This implies that even after gauge fixing there is still a set of residual gauge transformations under which the action will be invariant. Although these residual transformations do not lead to a further reduction in the number of physical degrees of freedom, they are important in determining the topological structure of physical configuration (phase) space and therefore they play a crucial role in the quantization process and the corresponding functional representation [5] . For normal Lorentz invariant gauges, such as the Lorentz gauge, this set of residual transformations is extremely complex [9] and the task of incorporating them in the quantization process seems hopeless.
There is good reason to believe that the Gribov ambiguity is irrelevant in the perturbative (asymptotic free) domain [7] . However, there is evidence that it plays an important role in the infra-red, non-perturbative behavior of the gluon propogator [7, 10, 11] .
From the previous introductory remarks it should be clear that one needs to develop a quantization procedure which eliminates the unphysical degrees of freedom while it (a) avoids imposing a gauge condition on the gauge fields, i.e., the Gribov ambiguity and (b) leads to a Lorentz covariant theory. The basic ingredients for such a scheme were given in [12] . The idea of [12] is to extend the theory in a supersymmetric and gauge invariant way by introducing bosonic and fermionic ghosts transforming in a gauge multiplet. The supersymmetry insures that the contributions of the boson and fermion ghosts cancel in the partition function, while the gauge invariance makes it possible to avoid imposing a gauge condition on the gauge fields, but rather to eliminate the unphysical degrees of freedom by imposing a gauge condition on the bosonic ghost fields. Finally the whole procedure respects the Lorentz invariance of the theory. This program was, however, performed within the functional integral setting and, given the ambiguities that arise in the functional integral formalism, it is highly desirable to develop this program on the operator level and derive the corresponding functional integral representation from there.
Our aim with the present paper is to develop this operator quantization scheme. The steps we follow in doing this are essentially the same as outlined above. We show how any quantum mechanical system (regardless whether it has a gauge symmetry or not) can be extended by adding N = 2 supersymmetric ghosts. In the extended theory physical states are identified as those invariant under SUSY transformations. Matrix elements of any system operator calculated in the physical subspace coincide with those of the original system.
In the case of gauge theories this extension is done by putting the ghosts in a gauge multiplet. This implies (a) that we not only modify the Hamiltonian, but also the constraints and (b) that the extension respects the gauge symmetry, i.e, commutators of the extended Hamiltonian with the extended constraints and the extended constraints with each other vanish weakly. The presence of scalar ghosts is then exploited to remove the gauge arbitrariness by imposing gauge fixing on them.
We organize the paper as follows: In section 2 we consider a 1-dimensional quantum system to illustrate the supersymmetric extension and to construct the functional integral representation of the system transition amplitude in the extended space. In section 3 a simple mechanical model with a gauge symmetry is considered to show how the ghosts can be added to the theory and how gauge fixing of the variables describing the original gauge system can be avoided. We emphasize that the choice of simple mechanical models to illustrate the procedure is only for the convenience of presentation since the generalization is straightforward. In section 4 the scheme is applied to Yang-Mills theories. The implementation of the scheme to evaluate Green's functions is given in section 5. Section 6 discusses the relation to normal gauge fixing and section 7 contains our conclusions.
2
Ghost extension of a quantum system.
Consider a 1-dimensional quantum system with Hamiltonian
We denote by |s (or |ψ s ) vectors in the system Hilbert space. Consider the Hamiltonian 
where ǫ A,B are Grassmann parities of A and B, i.e., ǫ = 0 for bosons and even elements of the Grassmann algebra and ǫ = 1 otherwise. We shall call these variables ghosts.
We denote by |gh x (or |ψ x gh ) vectors in the (indefinite) Hilbert space of system (2.2). Note thatĤ gh depends on a real parameter x, therefore the index x on the states.
We construct a coordinate (Schrödinger) representation of the algebra (2.3) on the space of functions ψ gh (κ) = κ|ψ x gh = z, z * , η, η * |ψ x gh with the inner product
whereĤ gh was defined in (2.2) and ω 2 = ω 2 (x). Therefore states in the ghost Fock space depend on the operatorx and accordingly act as operators (functions ofx) on the system Hilbert space. This motivates the following definition of the extended space: 15) where the dot stands to emphasize that |gh x is an operator acting on the system state |s .
In the coordinate representation |κ · |x ,κ|κ = κ|κ we have
supersymmetry is therefore explicitly broken to N = 1. In the Appendix we discuss an N = 2 supersymmetric extension of the system dynamics. Consider the subspace in the extended space defined by the conditionŝ
In the Fock space representation of the ghost Hilbert space, one can show that the solutions of (2.18) are |ph = λ|0 Here |s and |s n are system states and Thus forÔ s =p n we deduce As an application of (2.25) we take |s = |x and |s ′ = |x ′ . This yields
where
is the system action. The trajectories contributing in the functional integral obey the boundary conditions x(0) = x and x(t) = x ′ . The amplitude in (2.26) can be represented as a functional integral over the extended configuration space. Consider the functional integral representation of the transition amplitude in the extended configuration space
where |x, κ = |κ · |x and
The trajectories for the ghost variables obey the boundary conditions κ(0) = κ and κ(t) = κ ′ . The functional integral (2.27) coincides with (2.26) if we calculate its convolution with any two physical states (2.18). There is a particular choice of boundary conditions for the ghost fields in (2.27) such that (2.27) coincides with (2.26). This is achieved by choosing κ ′ = κ = 0. This implies that we choose in (2.26) |ph = |0 · |x and |ph ′ = |0 · |x ′ whereκ|0 = 0 (not to be confused with the ghost vacuum). To verify that these states satisfy (2.18), one expresses the operatorŝ Q andQ † through relations (2.8), (2.9) in terms of the ghost canonical variables. Using the coordinate representation (2.5), (2.6) we obtain
Note that (2.27) is a Gaussian integral for the ghost variables. Therefore
For vanishing ghost boundary conditions, κ|ph 3 A gauge model.
In this section we illustrate, by means of a simple model with a SU(2) gauge symmetry, how the method of the previous section can be used to construct a functional integral for a gauge theory without fixing a gauge. Let the canonical variablesp andx be elements of a linear unitary representation of SU (2). We choose the system Hamiltonian as in (2.1), but nowp 2 = (p,p) where ( , ) is the invariant inner product. We denote by λ a the SU(2) generators in the chosen representation. The Hamiltonian (2.1) describes a gauge theory if the physical states are gauge invariant [1] , i.e., 
As described in section 2, we extend the system Hamiltonian (2.1) by adding a ghost HamiltonianĤ =Ĥ s +Ĥ gh , wherê
and Ω is a hermitian, strictly positive matrix. For simplicity we assume the ghost variables to realize the fundamental representation of SU (2), i.e., they are complex isospinors.
To make (3.2) invariant under the SU(2) transformationsẑ →T gẑ ,η →T gη , withT g a 2×2 unitary matrix in the fundamental representation of SU (2), we require the following transformation rule for Ω: Ω(T gx ) =T g Ω(x)T † g so that Ω transforms in the adjoint representation.
Introducing the fermionic operatorŝ
and their adjointsQ † ,R † (x) we find
Note that the operatorsQ,Q † commute with the total Hamiltonian, whileR(x) and R † (x) commute only with the ghost Hamiltonian.
As before the Hilbert space of the ghost sector can be build as a Fock space. Indeed, if ω 2 i (x) are the eigenvalues of Ω(x), thenQ = iQi andR(x) = i ω i (x)R i withQ i andR i determined by (2.11) for each SUSY oscillator labelled by i = 1, 2.
The constraints are also extendedσ a =σ a s +σ a gh witĥ
Here τ a are the Pauli matrices. By construction [σ
. We prove the relation
where the physical states |ph and |ph ′ in the extended space have non-zero norm and satisfy the conditionsQ
while the system states on the right of (3.6) obey (3.1). Relation (3.6) establishes a one-to-one correspondence between physical transition matrix elements of the original gauge theory and its supersymmetric extension. From (2.25) we note that it is sufficient to prove that (3.7) imply (3.1). Consider the second order Casimir operatorĈ =σ aσa . From (3.5) it is easily established thatĈ =Ĉ s + [Q,Λ] whereĈ s is the second order Casimir of the system, and the explicit form ofΛ can be read of from (3.5). It follows
where (2.23) was used. Since the system Hilbert space has a strictly positive norm, (3.7) implies (3.1). Thus relation (3.6) is proved.
Next we turn to the functional integral representation of (3.6). To avoid divergencies in the measure of the functional integral caused by the gauge invariance, we have to solve the constraintsσ a |ph = 0 explicitly by choosing a parameterization (coordinates) in the physical configuration space, i.e., we should fix a gauge in the extended theory. In contrast with the BRST-BFV scheme we have boson ghosts so that we can impose the gauge condition on them, while the system degrees of freedom remain free of any gauge condition.
To fulfil this program, we choose the coordinate representation (2.16) x|· κ|ph = ψ ph (x, κ), where all states are functions of x and κ. To project the total Hamiltonian on the subspace of gauge invariant functions ψ ph (x, κ), we change variables in the superspace
where χ † = (1, 0), ρ is real and T g is the group elementT g in the representation of x. Denoting the group parameters by θ a , the constraint operators in the new coordinates assume the formσ a ∼ ∂/∂θ a [4] . Therefore physical states (gauge invariant states) are functions independent of θ a . We transformĤ to the curvilinear supercoordinates (3.9) and drop all terms containing ∂/∂θ a to obtain the physical Hamiltonian
is the hermitian momentum conjugated to ρ. The third term in (3.10) is due to the operator ordering. Restoring Planck's constant, this would be proportional toh 2 . The above procedure to obtain the physical Hamiltonian also applies to the operatorsQ andQ † to derive the supersymmetry generators on the space of functions invariant under the gauge transformations generated byσ a . We find
with ψ † = (0, 1). Taking into account that η and η † do not commute withσ a , one can verify that these two operators are adjoints with respect to the measure ρ 3 dρ.
Indeed, the term proportional to 1/ρ, which appears when the adjoint of ∂ ρ is taken with respect to this measure, precisely cancels against a similar term originating from the reordering of η or η † andσ a in the adjoint of the third term. It can also be checked explicitly that these operators commute with the physical Hamiltonian (3.10) as they should.
The physical states of the system are obtained as before by imposinĝ
We note that the system variablesx andp do not commute with the supersymmetry generatorsQ ρ andQ † ρ . Indeed, the operator ξ †Q ρ +Q † ρ ξ, with ξ and ξ † Grassmann variables, involves a linear combination of the system constraint operators σ a s . Therefore it generates an isotopic rotation ofx andp of the same form as an infinitesimal gauge transformation, but with the parameters being even elements of a Grassmann algebra. Therefore the condition (3.12) ensures gauge invariance in the vacuum sector of the ghosts, i.e., a vector describing any system excitation will automatically satisfy the Dirac condition (3.1).
Note how the reduction in the degrees of freedom is obtained: we start with n system degrees of freedom, n being the real dimension of the representation in which thex transforms. Then we add 4 real bosonic and 4 real fermionic ghost degrees of freedom in a supersymmetric combination. Since the system variables realize a trivial representation of the supersymmetry an exact cancellation of the ghost degrees of freedom is ensured, leaving only the n system degrees of freedom. Next we eliminate three real bosonic ghost degrees of freedom by projecting on the subspace of gauge invariant functions (see (3.9) ). The projection (3.9) mixes the system and ghost degrees of freedom in a non-linear way. In particular the angular variables of the bosonic ghosts are absorbed in the new system variables so that three angular variables of x are the supersymmetric partners of three fermionic ghost degrees of freedom. The condition (3.12) ensures that the 4 fermionic ghost degrees of freedom are balanced by the ρ ghost degree of freedom and 3 system degrees of freedom. Hence, we are left with n − 3 degrees of freedom, which is correct as we have 3 independent constraints (3.1) in the original model.
In our arguments above we have assumed that the system constraintsσ a s are irreducible, i.e., they are all independent, which would not be the case if, for example, we take x to be in the adjoint representation. Nonetheless, in our approach the supersymmetry condition (3.12) will still provide the elimination of the right number of unphysical degrees of freedom in the system sector, provided the ghost sector is chosen so that the constraintsσ a gh (3.5) are irreducible. The latter is always possible so that, in contrast to the conventional BRST-BFV formalism, we do not need ghosts for ghosts if the system exhibits reducible constraints.
Returning to the functional integral representation, let κ ρ denote a set (ρ, η † , η).
Using the formalism of [4] we find
(3.13) the amplitude U ef f t is given by a functional integral for the extended theory in the unitary gauge z = χρ: and
We denote by D t = ∂ t + iy a λ a andD t the covariant derivatives in the representation of x and the fundamental representation (λ a → τ a ), respectively.
To go from (3.14) to (3.15) we first replace the measure [dκ ρ ][dp κρ ] by the Faddeev-Popov measure in the unitary gauge [dκ][dp κ ]Π t ∆ F P δ(z − χρ)δ(σ a ). The Faddeev-Popov determinant for the unitary gauge z = ρχ is ∆ F P ∼ |ρ| 3 . Correspondingly S ph H in (3.14) is replaced by the Hamiltonian action for the total extended Hamiltonian. Next the identity [dy a ] exp(iy a σ a ) = Π t δ(σ a ) is used and the integrals over all momenta are done. Finally the integral over z and z † are done using the delta function and (3.15) is obtained. Note that apart from the operator ordering term (∼h 2 /ρ 2 ) in (3.17) all the other terms depending on ρ can be written as |D t z| 2 − z † Ωz where z = ρχ. Thus (3.17) is the action of the extended supersymmetric gauge theory in the unitary gauge imposed on the boson ghost z.
The kernel Q S in (3.13) takes care of the global properties of the change of variables (3.9) [4, 13]
The sum is over all inequivalent elementsŝ acting on x and κ ρ as follows:ŝx = T s x andŝκ ρ =T s κ ρ where, by definition,T s χ = ±χ and T s are corresponding SU(2) elements in the representation of x. Theŝ-transformations form a Z 2 subgroup of SU(2),T g = ±1.
We note that any physical state ψ(x ρ , κ ρ ) is invariant under theŝ-transformations. Here we denote the transformed system variables defined in (3.9) by x ρ to distinguish from the original system variables. We also define the action ofŝ on θ a byT g (ŝθ) =T g (θ)T
−1
s . Thenŝx = x andŝκ = κ so that ψ(ŝx,ŝκ) = ψ(x, κ) for any element of the extended Hilbert space. For a physical state we have ψ ph (x, κ) = ψ ph (T g (θ)x ρ ,T g (θ)κ ρ ) = ψ ph (x ρ , κ ρ ). Sinceŝ leaves x and κ invariant, we can replace θ a , x ρ and κ ρ by theirŝ-transforms in the latter equality. Thus we conclude ψ ph (ŝx ρ ,ŝκ ρ ) = ψ ph (x ρ , κ ρ ). The time evolution must respect this symmetry. However, the functional integrals (3.14) or (3.15) do not respect this symmetry so that they cannot describe the correct time evolution. The particular linear combination of functional integrals (3.15) with different boundary conditions as prescribed by (3.13) and (3.18) has the desired invariance property [4, 13] .
From (3.6) we know that (3.13) coincides with the physical system transition amplitude only after supersymmetric and gauge invariant boundary conditions have been imposed on the ghosts. In analogy with section 2, the state x, κ|ψ = δ gh (κ)ψ s (x) is supersymmetric, i.e., it is annihilated by both supersymmetric generators. However, it is not gauge invariant so that it cannot be used as boundary conditions in (3.13). To construct a gauge invariant supersymmetric state we average δ gh (κ)ψ s (x) over the gauge transformations. This yields 
There is no problem to impose zero boundary conditions on the fermion ghosts in the functional integral (3.15) . For the boson ghost ρ one can only prove that the limit (3.21) exists. Indeed, in the neighborhood of ρ = 0 or ρ ′ = 0, the integral (3.15) satisfies the Schrödinger equation
3/2 as ρ and ρ ′ approach zero and the limit (3.21) exists.
Yang-Mills theories.
Here we briefly outline how the procedure of the previous sections can be generalized to Yang-Mills theories. A more detailed discussion can be found in [12] . One can go from the gauge model of section 3 to the Yang-Mills theory (with SU(2) gauge symmetry) by simple analogy. We identify the vector gauge potentials A i , (i = 1, 2, 3) with the system variables x, the Lagrange multiplier y with A 0 and κ becomes a set of ghost fields. One can convince oneself that the expressions (3.20) and (3.21) still hold with the replacements x → A i and dx → Π x dA i (x), where the product is taken over all space points. Similarly the measure ρ 3 is replaced by the functional measure µ = Π x ρ 3 (x) and
with
HereD µ is the covariant derivative in the fundamental representation and a specific choice of the matrix Ω (see (3.2)) was made, Ω = −D 2 i (A) + m 2 , (in order for Ω to be strictly positive a mass term is added for the ghosts). The quantum corrections to the potential energy is proportional to a divergent factor V q (ρ) = 3[δ 3 (0)] 2 /(8ρ 2 ) as is usual for operator ordering terms in a field theory. Making use of a lattice regularization of space in (4.2) our earlier arguments can be repeated to prove the existence of the limit (3.21) for each degree of freedom of the field ρ(x). The coupling of the field oscillators due to the term (∂ i ρ)
2 is of no consequence in the limit ρ → 0 as it is negligible in comparison with the singular quantum potential V q . Therefore the limit (3.21) exists and supersymmetric gauge invariant boundary conditions can be imposed as before.
Due to the presence of the singular potential V q (ρ) the limit (3.21) is highly undesirable and leads to technical difficulties. This limit originates from our choice of supersymmetric boundary conditions for the path integral. Fortunately, all physically relevant information about a quantum system can always be extracted from Green's functions. In the next section we show that the restriction of the supersymmetric boundary conditions can be dropped in the path integral representation of Green's function and, hence, the aforementioned technical difficulty can be avoided.
System Green's functions.
The quantities one is normally interested in are the Green's functions of the system from which the S-matrix elements and the excitation spectrum can be extracted. They are defined as the vacuum (groundstate) expectation values of time ordered products of the field operators. For complex time they are defined by the following quantities, taken in the limit τ f → ∞, τ i → −∞:
Here τ f > τ 1 > . . . τ n > τ i , |s , |s ′ are arbitrary system states andÔ When the system possesses a gauge symmetry, it is again necessary to eliminate the unphysical degrees of freedom to obtain well defined Green's functions. Following the Faddeev-Popov approach, one is again faced by the difficulties associated with gauge fixing. Therefore we would like to extend our procedure to the evaluation of system Green's functions. In principle this is straightforward, except for the following point which require special care: The groundstate of the supersymmetric extended Hamiltonian may turn out not to be supersymmetric, i.e., the supersymmetry is spontaneously broken and the groundstate does not satisfy (2.18) and is thus unphysical. If this happens the Green's functions of the supersymmetric extended system do not coincide with those of the original system, as the expectation value of the system operators are evaluated with respect to an unphysical state. One way of avoiding this difficulty is to impose supersymmetric boundary conditions in the functional integral for the Green's functions as relation (2.25) holds regardless whether the supersymmetry is spontaneously broken or not. From our previous discussion it is, however, clear that these boundary conditions are inconvenient from a calculational point of view. Instead we present here an alternative way of obtaining the system Green's function which allows us to choose arbitrary boundary conditions.
For the purpose of illustration let us consider again the 1-dimensional quantum system of section 2. The complex time Green's functions of the supersymmetric extended system is obtained from a simple generalization of (5.1)
Here |ψ = |gh · |s , |ψ ′ = |gh ′ · |s ′ are states in the extended Hilbert space and H is the supersymmetric extended Hamiltonian
whereĤ s ,Ĥ gh were defined in (2.1,2.2) and α is an arbitrary real number. The operatorsÔ i (τ i ) = eĤ τ iÔ i e −Ĥτ i are supersymmetric extensions of the system operators in the Heisenberg picture defined byÔ i =Ô s i + [Q, (Ô i ) gh ] with any desired choice of (Ô i ) gh .
Note that the extended Hamiltonian above differs slightly from that of (2.14) in the presence of the arbitrary real number α. Since the ghost Hamiltonian is irrelevant on the physical subspace (see (2.23,2.25)), physical quantities will be independent of α, while excitations in the ghost sector will be affected. We now exploit this fact to our advantage by considering the limit α → ∞. From eq. (2.10) we note that this limit will push all states with non-zero ghost number to infinite energy, while the states with zero ghost number will be untouched. Thus in this limit the groundstate of the extended Hamiltonian will be supersymmetric and assumes the form |0 x gh · |gs s , where |gs s is the system groundstate (see (2.19)), so that the Green's functions of the extended Hamiltonian coincide with those of the system Hamiltonian. We now prove that this is indeed the case.
Let |N, x = |N before and after each time evolution operator, the Green's function (5.2) reduces to the product of generic matrix elements of the extended system operators x ′ , N ′ , |Ô i |N, x and the time evolution operator
Consider the latter matrix elements. From
follows that in the limit α → ∞ a perturbation expansion inĤ s can be developed, using αĤ gh as the unperturbed Hamiltonian. Introducing an interaction picture we can express the time evolution operator as: 6) where T > τ 1 > τ 2 . . . τ n > 0 andĤ s (τ i ) = e αĤ gh τ iĤ s e −αĤ gh τ i . To evaluate the matrix elements x ′ , N ′ |Û T |N, x , consider a typical term in the series (5.6) and insert the complete set of states (5.4) between theĤ s (τ i ). Using (5.5) we find:
Here the shorthand notation ω ′ = ω(x ′ ), ω i = ω(x i ) and ω = ω(x) was used. Since T > τ 1 > τ 2 . . . τ n > 0 we deduce that in the limit α → ∞ only terms with N ′ = N 1 = . . . = N = 0 survive. The ghost vacuum (N = 0) is a physical state and therefore x ′ , 0|Ĥ s |0, x = x ′ |Ĥ s |x according to (2.23) . Making use of these observations we find that eq. (5.7) becomes
when α → ∞. From (5.8) we conclude
Substituting this result in (5.2) and using (2.23), we obtain in the limit α → ∞
This establishes that by extending the Hamiltonian as in (5.3), and taking the limit α → ∞ before the limits τ f → ∞, τ i → −∞, we indeed recover the system Green's functions from the Green's functions of the supersymmetric extended system. In this approach arbitrary boundary conditions can be imposed in the path integral for the Green's function as the limit α → ∞ ensures that the supersymmetric groundstate is selected in the evaluation of the expectation value.
We conclude this section with a couple of general remarks. The first remark concerns degeneracies. We note that for some values of x, x ′ , N and N ′ the following equality holds: ω(x)N = ω(x ′ )N ′ and we have to analyze what happens to the perturbation expansion (5.7) when this degeneracy occurs in the ghost energy levels (see (5.5) ). This degeneracy does not affect our conclusions (5.8) and, hence, (5.10). Indeed, the operatorĤ s is local and therefore its matrix elements x ′ |Ĥ s |x have support only on x = x ′ . Consequently this equality only holds when N = N ′ and it is necessary to consider the degeneracy of a ghost level with a fixed ghost number only. In this case some of the exponential factors disappear and the corresponding integration yields a typical factor τ i g N , with g N the degeneracy of the state |N gh . Since this is a finite factor, independent of α, we conclude that in the limit α → ∞ the factor e −αω(x ′ )N ′ T ensures that only contributions from the ghost vacuum survive. The above argument will hold for any supersymmetric extension of the Hamiltonian, provided that the ghost Hamiltonian itself does not exhibit spontaneous breaking of the supersymmetry.
Clearly the above procedure would not be necessary if one can prove that the supersymmetry is not spontaneously broken for α = 1. If the groundstate of the extended Hamiltonian has the form (2.19), it is not hard to see that the Green's functions (5.2) coincide with the system Green's functions (5.1) in the limit τ f → ∞, τ i → −∞. However, a proof that the supersymmetry is not spontaneously broken does not seem easy.
We remark that the procedure as outlined above does not apply to relativistic systems as it would break Lorentz invariance. However, a relativistic invariant formulation of the above procedure can be obtained by taking the limit where the mass of the ghost fields go to infinity, m → ∞ (see (4.2)). In this limit contributions of ghost excitations to the Green's functions are exponentially suppressed because their energies grow as m. It is then not difficult to generalize the above argument to show that our conclusion (5.10) holds in this case.
In the case of a gauge system, one is interested in the Green's functions of gauge invariant system operators. They are obtained from our prescription above by considering only physical operators,Ô i (τ i ), in (5.2), i.e., operators that commute with the supersymmetry generators obtained after projecting onto the space of gauge invariant functions. For the gauge model of section 3 we would therefore consider operators that commute with the supersymmetry generatorsQ ρ andQ † ρ of (3.11) . From the discussion below (3.12) it follows that any system operator which commutes withQ ρ andQ † ρ has to commute with the system constraint operatorsσ a s , and is thus gauge invariant. Therefore the Green's functions obtained from our description above coincide with the system Green's functions of gauge invariant observables.
Finally we remark that the evaluation of the Green's functions in a gauge theory using the supersymmetric quantization is not an easy task. Though the problem of the supersymmetric boundary conditions has been avoided, which is a great simplification from the calculational point of view, there is still a lack of a well elaborated techniques in quantum field theories to treat, even in perturbation theory, local measures in the functional integral (see (3.15) ) and singular quantum potentials (see (3.17) ) that usually occur in unitary gauges. Nonetheless it is possible to calculate the renormalized Green's function using a modified loop expansion [15] . 
The measure µ(x F ) is the Faddeev-Popov determinant in the gauge chosen. The kernel (3.18) contains a sum over all elements T s satisfying F (T s x F ) = 0. Imposing supersymmetric boundary conditions for the ghosts by choosing κ, x F |ψ ph = δ gh (κ)ψ ph s (x F ), the ghost integral is Gaussian and can be done explicitly. Boson and fermion determinants cancel and the prefactor is 1 due to the supersymmetric boundary conditions (see (2.31)). We therefore end up with the functional integral for the system action in the gauge F (x) = 0.
For the Yang-Mills theory we can choose F (A) = ∂ i A i = 0 (Coulomb gauge). The above procedure yields the functional integral obtained in [5] .
7
Conclusions.
The normal procedure of Lorentz covariant gauge fixing has the disadvantage that it leads to Gribov copying. The description of these copies and the fundamental modular domain is extremely difficult and in the continuum theory not well founded since it depends strongly on the functional space chosen for the gauge potentials (the normal choice of L 2 forms a set of zero measure in the functional integral) [9] . However, to calculate the non-perturbative Green's functions in covariant gauges one needs all copies for a generic configuration satisfying the gauge condition [14] . Given the complexity of these copies [9] , the non-perturbative evaluation of Green's functions in covariant gauges seems to be a hopeless task.
In the procedure developed above we have solved these difficulties. Our effective theory is Lorentz invariant and at the same time the Gribov problem has been avoided. The price we pay is in the appearance of an additional scalar ghost field. Furthermore we have encountered a difficulty with the supersymmetric boundary conditions to be imposed on the functional integral. This difficulty can, however, be avoided in the path integral for the Green's functions as we have shown.
We would like to stress that in the asymptotic free domain where perturbation theory is valid, the normal approach of Lorentz covariant gauge fixing [3] is more appropriate. However, in the infra-red limit where the non-perturbative aspects of the theory begin to dominate, the present formalism should come into its own right. One of its possible applications would therefore be to study the infra-red behavior of the theory. As the present approach is gauge independent it makes it possible to extract the infra-red properties of the theory due to the true dynamics of the system (self-interactions of the gluons) and free from any influences coming from the presence of the gauge dependent Gribov horizon in a gauge fixed approach. This would hopefully provide insight into the physical meaning of the (non-perturbative) dynamically generated mass scale found in [7, 10, 16] .
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with β = −ω ′ /(2ω), is the desired N = 2 supersymmetric extension of the momentum operator. An advantage of this extension is that we know the structure of the eigenstates of the extended Hamiltonian |E = |N The N = 2 supersymmetry is not spontaneously broken in this case as the groundstate |gs = |0 x gh · |gs s , with |gs s the system groundstate, is manifestly N = 2 supersymmetric.
A disadvantage of this extension is the non-locality of the extended system Hamiltonian that arises in the field theory case. Recall that ω 2 (x) is replaced by −D 
